Abstract Blast is a major disease of rice in Brazil, the largest rice-producing country outside Asia. This study aimed to assess the genetic structure and mating-type frequency in a contemporary Pyricularia oryzae population, which caused widespread epidemics during the 2012/13 season in the Brazilian lowland subtropical region. Symptomatic leaves and panicles were sampled at flooded rice fields in the states of Rio Grande do Sul (RS, 34 fields) and Santa Catarina (SC, 21 fields). The polymorphism at ten simple sequence repeats (SSR or microsatellite) loci and the presence of MAT1-1 or MAT1-2 idiomorphs were assessed in a population comprised of 187 isolates. Only the MAT1-2 idiomorph was found and 162 genotypes were identified by the SSR analysis. A discriminant analysis of principal components (DAPC) of SSR data resolved four genetic groups, which were strongly associated with the cultivar of origin of the isolates. There was high level of genotypic diversity and moderate level of gene diversity regardless whether isolates were grouped in subpopulations based on geographic region, cultivar host or cultivar within region. While regional subpopulations were weakly differentiated, high genetic differentiation was found among subpopulations comprised of isolates from different cultivars. The data suggest that the rice blast pathogen population in southern Brazil is comprised of clonal lineages that are adapting to specific cultivar hosts. Farmers should avoid the use of susceptible cultivars over large areas and breeders should focus at enlarging the genetic basis of new cultivars.
Introduction
Brazil is ranked among the top ten largest rice-producing countries of the world and is the major producer outside Asia with a total production estimated from 11 to 13 million tons (CONAB 2016) . The major rice-producing regions are the lowland (flooded) areas in the states of Rio Grande do Sul (RS) and Santa Catarina (SC), which contribute to around 75 % of total production (CONAB 2016) . Rice blast is caused by the fungus Pyricularia oryzae (sexual morph Magnaporthe oryzae), which is considered the most damaging disease of rice (Oryza sativa L.) and a serious constraint to rice production worldwide. The pathogen infects a wide range of host plants within the Poaceae and symptoms appear on leaf, neck and panicle of rice plants (Talbot 2003; Skamnioti and Gurr 2009) .
Rice blast may lead to severe crop losses and is widespread in both upland and lowland Brazilian rice regions (Maciel et al. 2004; Prabhu et al. 2007 ). Disease management relies on a combination of strategies that include cultural practices and fungicides, but the most effective approach is to use cultivars possessing genes that confer complete resistance (Skamnioti and Gurr 2009) . However, such resistance is not Electronic supplementary material The online version of this article (doi:10.1007/s40858-016-0101-9) contains supplementary material, which is available to authorized users. Section Editor: Elaine A. de Souza durable, especially if the pathogen population is highly variable. Therefore, the assessment of the genetic structure of a pathogen population is essential for a sustainable management program targeting host plant resistance (McDonald and Linde 2002) .
The genetic variability of P. oryzae populations has been studied using molecular markers (Zeigler 1998; Park et al. 2003) . In general, a relatively low variability has been found in Europe, Americas and Africa (Levy et al. 1991; Consolo et al. 2008; Saleh et al. 2012 Saleh et al. , 2014 . In Asia, the likely center of origin and diversity of P. oryzae, the variability is higher and there are evidences of sexual reproduction of the pathogen, including the presence of both the MAT1-1 and MAT1-2 idiomorphs (Saleh et al. 2012 (Saleh et al. , 2014 . The genetic structure of P. oryzae populations may be affected by abiotic and biotic factors including geography and host cultivar. For example, significant genetic differentiation of a Korean P. oryzae populations was found with respect to geographic location and cultivar of origin of isolates (Park et al. 2008) . In Colombia, DNA fingerprint haplotypes were associated with the cultivar of origin (Levy et al. 1993 ).
In Brazil, earlier studies on the molecular variability of P. oryzae populations used fingerprinting data from Pot2 or MGR 586 transposable elements (Prabhu et al. 2002 (Prabhu et al. , 2007 Maciel et al. 2004 ). In general, low variability was found in populations from the states of Tocantins (Prabhu et al. 2002) , Goiás (Prabhu et al. 2007 ) and Rio Grande do Sul (Maciel et al. 2004 ). More recently, microsatellite (SSR) has been used to assess the genetic variability of P. oryzae populations from Brazil (Maciel et al. 2014; Gonçalves et al. 2016) . While wheat-infecting P. oryzae populations from Distrito Federal, Goiás, Minas Gerais and Paraná states showed low variability, high variability was found among rice-infecting isolates collected during the 1993-2003 period (Maciel et al. 2014) . Moderate levels of gene diversity were found among 494 rice-infecting isolates from nine Brazilian states (Gonçalves et al. 2016) . As to the reproductive system, both the MAT1-1 and MAT1-2 were found in wheat-infecting populations of P. oryzae (Maciel et al. 2014 ), but only the MAT1-2 was found in a collection of around 208 isolates from all regions of Brazil from 2008 to 2010, including 35 isolates from SC and RS states in southern Brazil (Peixoto 2014) . This latter finding contradicts reports in northern Argentina, a region close to southern Brazil, where only the MAT1-1 was found in riceinfecting populations (Consolo et al. 2005) .
In spite of those studies, the main evolutionary mechanisms shaping the populations and the possibility that sexual reproduction is occurring are still unknown. Inferences about the reproduction mode as well as the possible interference of geographical and agronomic factors contributing to genetic differentiation of the populations were not explored in combination. Therefore, the main goal of this study was to assess the genetic structure of the P. oryzae population from a year of widespread epidemics in the main rice-growing regions of the RS and SC state, southern Brazil, where the disease is of sporadic occurrence. For such, the frequency of mating type idiomorphs and the polymorphism at 10 SSR loci were analyzed to allow inferences of the reproductive mode of the pathogen. (Fig. 1 ).
Materials and methods

Sampling
The sampling scheme followed a W-shape and a minimum of 20 samples was collected per field. Each sample consisted of two leaves and/or panicles from a single plant, depending on the predominant symptom found in the field. The samples were bagged for transportation. In the laboratory, fungal sporulation was induced in a moist chamber (plastic box) using pieces of leaves or panicles previously disinfested. Fungal conidia were harvested, transferred and spread on water-agar media and incubated during 24 h. A small block of media containing a single conidium observed under the microscope was transferred to potato-dextrose-agar (PDA) media amended with tetracycline (0.002 mg.mL −1 ), which was incubated at 25°C. Monosporic cultures were further grown on filter paper and stored as described elsewhere (Valent et al. 1986 ).
DNA extraction and mating type characterization
DNA from isolates grown on PDA for 7 days was extracted by adapting the method described in Dellaporta et al. (1983) . The modification was the inclusion of repeated washings with 70 % ethanol at the end of the extraction process. The dried DNA was re-suspended in water and its concentration determined using a Nanodrop spectrophotometer (Nanodrop 2000 Thermo Scientific) and adjusted to 30 ng.μL −1 . The frequencies of MAT1-1 and MAT1-2 idiomorphs were assessed by amplicons produced after PCR using the primers MAT1-1F, MAT1-1R, MAT1-2F and MAT1-2R (Takan et al. 2012) . PCR was performed in a final volume of 10 μl using the QIAGEN Multiplex PCR Kit as described by the manufacturer (Qiagen Inc.). The 10 μl of PCR product was homogenized with four microliters of BlueJuice™ Gel Loading Buffer (Invitrogen) and subjected to electrophoresis in 1.5 % agarose gel in 1 × TBE buffer. Fragments were compared with a 100 bp DNA ladder (Invitrogen) and scored as either MAT1-1 (960 bp) or MAT1-2 (802 bp) (Takan et al. 2012) . DNA of the isolates KA-3 (MAT1-1) and GUY 11 (MAT1-2) were used as control, because its mating idiomorphs had been previously determined (Leung et al. 1988; Nottheghem and Silué 1992) .
Microsatellite genotyping
Ten SSR markers (Kaye et al. 2003; Adreit et al. 2007 ) were used to assess the polymorphism among the isolates (Table 1) . The SSR markers were selected based on previous study that assessed the variability among P. oryzae isolates from Brazil (Maciel et al. 2014) . PCR reactions were performed using Type-it Microsatellite PCR kit as described by the manufacturer (Qiagen Inc.). The amplification conditions were as follow: 95°C/ 5 min, followed by 30 cycles at 94°C/ 30 s, 55°C/ 3 min and 72°C/ 3 min, and a final extension of 72°C/ 3 min (Adreit et al. 2007 ). PCR products had been previously denatured at 95°C for 5 min, and then subjected to electrophoresis in 6 % polyacrylamide gel using a Model SA-32 electrophoresis device (Gibco BRL). Fragments sizes were manually determined using 10 bp DNA Ladder (Invitrogen) as size standards. Each allele was determined according to its amplicon size taking into account the number of repeat units in each locus.
Genetic diversity and cluster analysis of total population
Each isolate was assigned to a multilocus SSR genotype (MLG) using GENODIVE (Meirmans and Van Tienderen 2004) . Expected heterozygosity (H E ) or gene diversity (Nei 1973) was calculated per locus and averaged over all loci using Arlequin v. 3.1 (Excoffier and Lischer 2010) . The clonal fraction was calculated as 1 -[(number of different genotypes) / (total number of isolates)].
Discriminant analysis of principal components (DAPC) (Jombart et al. 2010 ) was conducted using the adegenet package (Jombart 2008 ) (function dapc) of R Environment for Statistical Computing for clustering of genetically similar individuals. DAPC was performed without the prior information on the geographic region or host cultivar of origin. The number of clusters (K) was allowed to vary from one to 20 and the optimal K was determined based on the Bayesian Information Criterion (BIC) (Jombart et al. 2010) . A minimum spanning network was constructed using the poppr package to assess the relationships between MLGs. The network was based on Bruvo's distance that ranges from 0 to 1 and is recommended for SSR markers (Bruvo et al. 2004 ).
Population structure
Based on the previous analysis, population structure was studied for subpopulations defined based on three scenarios of origin of the isolates: I -region within RS and SC states, II -host cultivar of origin, both states and III -host cultivar and region within RS state. The scenario I was comprised of four geographic subpopulations containing a minimum of 15 isolates each. The subpopulations were defined primarily by state and further by proximity and similarity in the soil and climatic conditions within each state. These geographic subpopulations were referred to: RS-West and RS-East, SC-North and SC-South (Fig. 1) .
Host cultivar was used as second criteria (Scenario II) for the definition of subpopulations based on the results of the DAPC and minimum spanning network analysis. Using this criteria, subpopulations were constituted of a group of at least ten isolates originated from the same cultivar, as follows: Puitá INTA CL (41 isolates), Guri INTA CL (54 isolates), Querência (17 isolates), Epagri 109 (17 isolates), SCS 116 Satoru (10 isolates) and SCS 117 CL (12 isolates). In scenario III, subpopulations were constituted of at least ten isolates originated from a same cultivar (Puitá INTA CL, Guri INTA CL or Querência) grown within each of the two within-state regions (West or East), but restricted to RS state as follows: Puitá-West (17 isolates), Guri-West (17 isolates), Querência-West (17 isolates), Puitá-East (25 isolates) and Guri-East (37 isolates).
The differentiation between each pair of subpopulation, for each scenario, was estimated based on Slatkin's R ST index calculated with 1000 permutations using Arlequin v. 3.1 (Excoffier and Lischer 2010) . The distribution of variation among and within the subpopulations was assessed through hierarchical analysis of molecular variance (AMOVA) calculated using Arlequin (Excoffier and Lischer 2010) . AMOVA was performed separately for each scenario analyzed. The distance method was based on the sum of squared size differences between two MLGs for SSR data (Slatkin 1995) and the number of permutations was 1000.
Diversity and linkage disequilibrium within the subpopulations
The number of MLG and the expected heterozygosity (H E ) were calculated as previously described. The number of MLGs at the smallest sample size (eMLG) was calculated using poppr package of R (Kamvar et al. 2014) . Allelic richness (N a ) and private allelic richness (pN a ) were calculated using the rarefaction method implemented in HP-Rare (Kalinowski 2005) . Clone-corrected data set was used for estimating the linkage disequilibrium across all SSR loci through the I A and r D indices with 1000 randomizations of the data set using poppr package.
Results
Genetic diversity, mating type and cluster analysis of total population A total of 187 P. oryzae isolates were obtained, 117 from RS and 70 isolates from SC State. The number of isolates varied per field, but it was generally lower than 10 isolates. Exceptions were 10 to 16 isolates obtained from three fields and 17 isolates from two other fields. A single amplicon matching the MAT1-2 idiomorphic was produced for the 187 isolates. Among them, 162 SSR MLGs were identified. Kaye et al. (2003) and Adreit et al. (2007) b Gene diversity among individuals within populations, averaged over populations
The clonal fraction was 0.13. The number of alleles at each locus varied from two (pyrms63-64) to 13 (pyrms505-506) with an average of 8.6 (Table 1) . Gene diversity or expected heterozygosity (H E ) across loci varied from 0.04 ± 0.08 (pyrms 63-064) to 0.78 ± 0.09 (pyrms 047-048). DAPC resolved four genetic groups, two of them strongly associated with host cultivar of origin. The group 1 (G1) was comprised of 27 isolates, 26 of them collected in the SC state from Epagri cultivars and one isolate from RS state from the INIA Olimar cultivar (Fig. 2) . The group 2 (G2) was comprised of 71 isolates from both states. In this group there were isolates obtained from Guri INTA CL, BRS Querência, INTA Olimar and all Epagri cultivars. The group 3 (G3) was comprised of 47 isolates, all collected in the RS state and from Guri INTA CL cultivar. The group 4 (G4) was comprised of 42 isolates from RS state and Puitá INTA CL cultivar. The minimum spanning network revealed subdivision of the population according to cultivar host. In general, isolates obtained from a same cultivar were genetically closer, excepting two isolates from the INIA Olimar, one isolate from the BRS Querência and one isolate from the Epagri cultivars (Fig. 3) .
Within-population diversity and random mating
Scenario I -geographic subpopulations. The genotypic diversity was similar among the four geographic subpopulations. The eMLG ranged from 13.7 (RS-East) to 15 (SC-South) ( Table 2) . H E ranged from 0.49 ± 0.28 (RS-East) to 0.63 ± 0.26 (SC-North). Higher allelic richness (N a ) and private allelic richness (pN a ) were observed in SC-North. The I A and r D indices were significantly different from zero (p < 0.05) for all subpopulations (Table 2) , thus showing no evidence of random mating.
Scenario II -host cultivar subpopulations. The eMLG ranged from 8.7 (Guri INTA CL) to 10 (SCS 117) ( Table 3) . H E ranged from 0.29 ± 0.34 (Puitá INTA CL) to 0.58 ± 0.31 (SCS 116) . N a ranged from 2.3 (Puitá INTA CL) to 3.1 (SCS 116), whereas pN a ranged from 0.36 (SCS 117) to 0.53 (BRS Querência and Epagri 109). The I A and r D indices were significantly different from zero (p < 0.05) for all subpopulations, except for SCS 116 (Table 3) .
Scenario III -host cultivar/region subpopulations. The eMLG ranged from 13.7 (Guri INTA CL-East) to 16 (Puitá INTA CL-West and Querência) ( Table 4) . The H E ranged from 0.21 ± 0.28 (Guri INTA CL-West) to 0.46 ± 0.33 (BRS Querência). The N a ranged from 2.0 (Guri INTA CL-West) to 3.6 (BRS Querência), whereas pN a ranged from 0.1 (Puitá INTA CL-West and East) to 1.2 (BRS Querência). The I A and r D indices were significantly different from zero (p < 0.05) for Puitá INTA CL-West, BRS Querência and Guri INTA CLEast. On the other hand, I A and r D were not significantly different from zero for Guri INTA CL-West and Puitá INTA CL-East (Table 4) .
Population structure
In the scenario I, estimates of R ST ranged from 0.05 between West-RS and SC-North to 0.39 between RS-East and SCSouth (Table S1 , Supporting information). In the scenario II, there was low (R ST < 0.05) genetic differentiation between SCS 116 Satoru and SCS 117 CL subpopulations. The other comparisons indicated moderate (R ST = 0.18) or strong (R ST > 0.25) genetic differentiation between subpopulations from distinct cultivars. In the scenario III, there was strong (R ST > 0.25) genetic differentiation in all pairwise comparisons, except when subpopulations of the same cultivar, but from different geographical origin were compared (Table S1 ).
When geographic subpopulations (scenario I) were analyzed by AMOVA, 86.6 % of the total genetic variation was attributed to genetic differences within the subpopulations, whereas 13.4 % was due to variation among the four subpopulations. For host cultivar subpopulations, regardless of geographic region (scenario II), the differences among subpopulations accounted for 53.6 % of the total genetic variation. For scenario III (host cultivar within region), in Western RS region, 30.3 % of the total genetic variation was due to differences within subpopulations and 69.7 % among subpopulations. In Eastern RS region, 54.7 % of the total genetic variation was due to differences among subpopulations.
Discussion
In this study, we found high genotypic and moderate gene diversity among 187 P. oryzae isolates from commercial rice fields from southern region of Brazil using SSR markers. The proportion of unique MLGs (89 %) found in this study is similar to that reported for the CH1 populations from China (77-92 %) and higher than reported in European countries (11-67 %), Madagascar (7-48 %), United States (8-54 %), and Colombia (12-29 %) (Saleh et al. 2012; Tharreau et al. 2009 ). The high variability in Asia was linked to the likely occurrence of sexual reproduction of pathogen, because SSR loci were at linkage equilibrium and both mating types were found at balanced proportions.
The finding of only the MAT1-2 agrees with results by Peixoto (2014) who assessed 208 rice-infecting P. oryzae isolates from several states of Brazil, including 35 isolates from SC and RS. Contrastingly, a study conducted over a decade ago in northeastern Argentina showed the predominance of MAT1-1 in rice-infecting populations (Consolo et al. 2005) . In a collection of 148 wheat-infecting P. oryzae isolates from five Brazilian states, both MAT1-1 and MAT1-2, with predominance of the former, were found, but isolates from RS and SC were not included (Maciel et al. 2014) . Therefore, it would be instructive to further analyze the mating type frequency in other hosts nearby the rice fields in order to check the presence of MAT1-1 idiomorphic. The presence of a single mating-type and most rice blast pathogen populations in linkage disequilibrium suggest a predominantly asexual mode of reproduction in the P. oryzae population (Milgroom 2015) . Therefore, the most plausible explanation for the high variability found in our study is the occurrence of mutations at SSR loci. SSR markers amplify genomic regions characterized by tandemly repeated sequence motifs. These regions (Bruvo et al. 2004) have high mutation rates (10 −2 -10 −6 ), which makes them highly polymorphic (Li et al. 2002; Anmarkrud et al. 2008) . For other plant pathogens, for example, S. sclerotiorum, relatively high genotypic diversity has also been found using SSR markers with no evidence of sexual reproduction (Clarkson et al. 2013; Lehner et al. 2015) . Earlier studies in Brazil reported low genotypic variability among P. oryzae isolates from states of Tocantins (Prabhu et al. 2002) , Rio Grande do Sul (Maciel et al. 2004), Santa Catarina (Scheuermann, unpublished) , and Goiás/Mato Grosso (Prabhu et al. 2007 ). These studies used DNA fingerprinting by Pot2 rep-PCR for estimate the variability of isolates, which limit a direct comparison with the results of the current study. High variability was observed for both an early (1996 to 2001) and a more recent (2007) (2008) collection of rice-infecting P. oryzae isolates from Brazil using SSR markers (Maciel et al. 2014) . In seven of the ten SSR loci, the number of alleles found in the present study was similar to that found in a recent study that analyzed isolates from nine Brazilian states (Gonçalves et al. 2016) . Direct comparisons are not straightforward, because the set of SSR loci, cultivars, and sample size are not the same. However, the genetic variability found in our study is consistent with those studies.
In population genetics studies it is common to use geographic criteria to define subpopulations. When geographic subpopulations were analyzed, the genetic profiles were similar and there was weak genetic differentiation among them, ruling out the geography as factor shaping the population. The DAPC, a multivariate method that does not consider assumptions of an specific genetic model (Jombart et al. 2010) , and particularly the network topology, in which the MLGs are connected to one another based on their similarity, provided (Milgroom 2015) . However, geographical subpopulations were weakly differentiated and three MLGs were shared between East RS and West RS. Host specialization occurs when pathogens adapt to different host species or cultivars. It can be inferred whether there is genetic differentiation between pathogen populations from different hosts in the same location (Milgroom 2015) . This situation is the most plausible explanation for high genetic difference among populations from distinct cultivars. This hypothesis had already been speculated in a P. oryzae population from rice in Korea (Park et al. 2008) . However, in the Korean study geographical and cultivar of origin were confounded. In our study, low differentiation was observed when comparing populations from the same cultivar, but from distinct geographic regions; and high differentiation when comparing isolates from different cultivars. Our data suggest that the populations of P. oryzae are adapting to specific cultivar hosts, similar to what has been suggested for other clonally reproducing plant pathogens (Peever et al. 2000) .
Puitá INTA CL and Guri INTA CL, two Clearfield ® rice introduced commercially less than 6 and 2 years prior to our survey (Sudianto et al. 2013) , are currently most used by farmers in RS state, and for which the population of P. oryzae seems to be adapting. The high number of samples obtained from these cultivars in our survey, among other cultivars grown in RS state, such as (complete) resistant IRGA varieties (rice blast was not found in any of IRGA varieties during our survey), supports this claim. It would be wise to use resistant cultivars (SOSBAI 2014) preferably genetically distant from Puitá INTA CL and Guri INTA CL. The continuing use of susceptible rice varieties combined with fungicides with high resistance risk, such as quinone-outside inhibitor (QoI) fungicides, can be disastrous, especially due to reports of G143A mutation which is associated with QoI resistance in wheat-infecting P. oryzae populations (Castroagudín et al. 2015) . Other recommended measures include broadening of the genetic basis of new cultivars and prioritizing horizontal resistance to rice blast, given the high evolutionary potential of P. oryzae (Maciel et al. 2014) . 
